The mechanism governing the redox-stimulated switching behavior of a tristable [2]rotaxane consisting of a cyclobis(paraquat-p-phenylene) (CBPQT 4+ ) ring encircling a dumbbell, containing tetrathiafulvalene (TTF) and 1,5-dioxynaphthalene (DNP) recognition units which are separated from each other along a polyether chain carrying 2,6-diisopropylphenyl stoppers by a 4,4′-bipyridinium (BIPY 2+ ) unit, is described. The BIPY 2+ unit acts to increase the lifetime of the metastable state coconformation (MSCC) significantly by restricting the shuttling motion of the CBPQT 4+ ring to such an extent that the MSCC can be isolated in the solid state and is stable for weeks on end. As controls, the redox-induced mechanism of switching of two bistable [2] •+ units in the CBPQT 2(•+) ring is oxidized to the BIPY 2+ dication. This observation of the BRCC was further confirmed by theoretical calculations as well as by X-ray crystallography of the [2]catenane in its bisradical tetracationic redox state. It is evident that the incorporation of a kinetic barrier between the donor recognition units in the tristable [2]rotaxane can prolong the lifetime and stability of the MSCC, an observation which augurs well for the development of nonvolatile molecular flash memory devices.
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ABSTRACT: The mechanism governing the redox-stimulated switching behavior of a tristable [2] rotaxane consisting of a cyclobis(paraquat-p-phenylene) (CBPQT 4+ ) ring encircling a dumbbell, containing tetrathiafulvalene (TTF) and 1,5-dioxynaphthalene (DNP) recognition units which are separated from each other along a polyether chain carrying 2,6-diisopropylphenyl stoppers by a 4,4′-bipyridinium (BIPY 2+ ) unit, is described. The BIPY 2+ unit acts to increase the lifetime of the metastable state coconformation (MSCC) significantly by restricting the shuttling motion of the CBPQT 4+ ring to such an extent that the MSCC can be isolated in the solid state and is stable for weeks on end. As controls, the redox-induced mechanism of switching of two bistable [2] rotaxanes and one bistable [2] catenane composed of CBPQT 4+ rings encircling dumbbells or macrocyclic polyethers, respectively, that contain a BIPY 2+ unit with either a TTF or DNP unit, is investigated. Variable scan-rate cyclic voltammetry and digital simulations of the tristable and bistable [2] rotaxanes and [2] catenane reveal a mechanism which involves a bisradical state coconformation (BRCC) in which only one of the BIPY
•+ units in the CBPQT 2(•+) ring is oxidized to the BIPY 2+ dication. This observation of the BRCC was further confirmed by theoretical calculations as well as by X-ray crystallography of the [2] catenane in its bisradical tetracationic redox state. It is evident that the incorporation of a kinetic barrier between the donor recognition units in the tristable [2] rotaxane can prolong the lifetime and stability of the MSCC, an observation which augurs well for the development of nonvolatile molecular flash memory devices.
■ INTRODUCTION
The drive to achieve the miniaturization of electronic devices beyond the limits that "top-down" conventional lithographic techniques can provide has led 1 to the research and development of an array of "bottom-up" protocols. One approach invented and implemented by Hawker et al. 2 relies on the use of nanoscale lithographic templates made possible by the self-assembly of block copolymers into highly ordered hexagonal and rectilinear arrays. Another approach created and developed by Mirkin et al. 3 relies on the use of atomic force microscopy (AFM) tips within the context of what has become known as dip-pen nanolithography (DPN), which when used as massively parallel arrays of "ink"-coated tips can deliver soft organic substrates onto hard surfaces with remarkable degrees of order and complexity. In the realm of molecular electronics, 4 where the objective very often is to understand the electronic behavior of single molecules bridging the gap between two electrodes, some extraordinary advances have been made 5 in recent years. For example, Fujita et al. 5b have demonstrated the use of self-assembled nanocages in between a gold substrate and a scanning tunneling microscopy (STM) tip, which act as hosts for a relatively small number of π-stacked organic guests. By controlling the size of the cage, the researchers were able to investigate the conductance of single discrete stacks of two, three, and four π-electron-deficient anthracene-type moieties in a very precise manner. In collaboration with Heath, 6 we have relied on fabrication of nanoelectronic devices with two-dimensional "cross-bar" architectures, employing a superlattice nanowire pattern transfer 7 (SNAP) methodology, in which bistable [2] rotaxane 8 molecules by the hundreds or thousands are sandwiched as molecular monolayers between the top and bottom crossbar elements in a molecular switch tunnel junction (MSTJ). These bistable rotaxanes served as the active binary components 6f of this molecular memory device. This device has demonstrated 6f data density storage capacity predicted at the time (2007) by Moore's Law not to become available until at least the year 2020.
The bistable [2] rotaxanes that were incorporated into these memory devices were those whose redox-active switching is achieved by employing the π-electron-poor tetracationic cyclophane, cyclobis (paraquat-p-phenylene) 9 (CBPQT 4+ ), mechanically interlocked around a dumbbell component incorporating π-electron-rich 1,5-dioxynaphthalene (DNP) and redoxactive tetrathiafulvalene 10 (TTF) units. The CBPQT 4+ ring encircles the TTF unit predominantly in the ground state of such bistable [2] rotaxanes at equilibrium, leading to the naming 11 of this translational isomer as the ground-state coconformation (GSCC). The ring can be made to encircle the DNP unit, as a result of an oxidation/reduction cycle of TTF, to form a translational isomer known as the metastable-state coconformation 11 (MSCC) . The fact that the MSCC represents a higher conductive state than the GSCC was exploited 6f to achieve single bits of memory in the context of the device, i.e., the GSCC represents a "0" and the MSCC represents a "1" for a collection of these bistable [2] rotaxanes possessing these particular states in monolayers trapped within an array of MSTJs. The memory implanted in these devices is volatile, however, and only lasts 6f for about an hour. One of the hypotheses which attempts to rationalize the volatile nature of these molecular memory devices is one that reasons that the relaxation of the MSCC back to the GSCC also occurs after about an hour within the MSTJ environment. Therefore, developing a strategy to increase the lifetime of the MSCC provides a means of testing this hypothesis, and also holds out the prospect of being able to construct nonvolatile molecular memory devices.
A strategy which has undergone significant scrutiny in order to increase the lifetime of the MSCC has been one focused on inserting kinetic barriers 12 between the TTF and DNP units that would act to slow down the shuttling motion of the CBPQT 4+ ring, trapping the MSCC kinetically once it is populated. Such kinetic barriers or "speed bumps" have included steric ones, 13 such as trans-azobenzene 13e,g units or even foldamers.
13f Another strategy employs the use of electrostatic barriers, 14 such as 4,4′-bipyridinium dicationic (BIPY 2+ ) units, 15 which, on account of Coulombic repulsion with the CBPQT 4+ ring, have also been shown 14c−e to increase the lifetime of the MSCC. Furthermore, once we have a way of trapping the MSCC, we must also have the means of releasing it in a timely manner. Such a capability would provide an erase mechanism in the context of molecular memory devices, allowing for the development 16 of bistable rotaxane-based molecular flash memory.
Herein, we describe a detailed mechanistic investigation of the redox-active switching behavior of a [2] 6+ serves as such an effective electrostatic barrier that it is possible to employ a synthetic procedure for trapping and isolating the MSCC as a pure solid. In particular, we report the reduction-induced switching that makes use of favorable radical−radical interactions, 17 which occur between BIPY
•+ radical cations in the ring and dumbbell/macrocycle components in these mechanically interlocked molecules (MIMs), using variable temperature and variable scan-rate cyclic voltammetry (CV) in combination with digital simulations and X-ray crystallography. Moreover, we show by variable scan-rate CV as well as by UV−vis and 1 H NMR spectroscopies that we can employ the dynamic nature of these radical−radical interactions to restore the GSCC from the kinetically trapped MSCC. Such a demonstration also outlines a strategy 18 for gaining a large degree of control over the relative mechanical motions of the components within a switchable MIM that relies on only one type of stimulus, i.e., redox chemistry.
Design Considerations. In a previous publication, we described 17h the synthesis of the tristable [2] . The rate of relaxation is decreased 14c 100-fold as a consequence of the presence of the BIPY 2+ unit; therefore, we have defined (Scheme 2) the coconformation in which the CBPQT 4+ ring is positioned over the BIPY 2+ unit as the transition-state coconformation (TSCC) and, as the name implies, is not actually a thermodynamically stable state yet is a coconformation that must be considered in order for shuttling of the CBPQT 4+ ring to occur. The notion of the TSCC is a mechanistic feature which is necessary to consider when discussing (vide inf ra) the reduction-based mechanism of switching in all the MIMs. 6+ so as to remove the dependence involved in restoring the GSCC from the MSCC by means of a thermally activated pathway, by providing a redox-activated one. We now proceed in our discussion by first of all considering the mechanistic features of the simpler cases of the two [2] 6+ was achieved using a previously reported 22 protocol. The electrochemical switching of the catenane C1 6+ was investigated by variable scan-rate CV and compared to digital simulations generated from the proposed mechanism. At the slow scan rate of 20 mV s −1 (Figure 1a , purple trace), an initial three-electron reduction process is observed (−0.3 V), with two electrons being transferred to the CBPQT 4+ ring and one to the BIPY 2+ of the macrocyclic polyether. Following this three-electron transfer, the RSCC becomes the predominant translational isomer in solution on account of the radical−radical interactions that ensue between the BIPY
•+ radical cations of the ring and the macrocyclic polyether. This result has been previously confirmed 22 by spectroelectrochemistry. A one-electron process is observed at −0.77 V (peak potential), assignable to the reduction of the unpaired BIPY C radical cation unit of the CBPQT 2(•+) ring, while a two-electron process observed at −1.10 V (peak potential) is the result of the simultaneous transfer of electrons to the remaining paired BIPY
•+ radical cations. The return scan shows that these two redox processes are independent of scan rate (20−1000 mV s −1 ) and are totally reversible.
Reoxidation of the trisradical RSCC displays, however, scanrate-dependent behavior similar to that observed previously 17j for a trisradical host−guest complex. On scanning at a slow rate, a single broad three-electron reoxidation peak is observed at −0.25 V. At faster and faster scan rates, it becomes apparent that reoxidation of the trisradical RSCC occurs via two different reoxidation processes. As the scan rate is increased, an oxidation peak at 0 V emerges. The oxidation process at −0.25 V is assigned to the one-electron oxidation of the unpaired BIPY
•+ unit of the CBPQT 2(•+) ring, while the peak at 0 V is assigned to the simultaneous oxidation of the two spinpaired BIPY
•+ units in a singlet state. In order to explain the scan-rate-dependent behavior, we have proposed a mechanism of switching involving the bisradical intermediate in which the , its proposed mechanism for electrochemical switching, and the digitally simulated data generated from the proposed mechanism. The purple trace was obtained at a scan rate of 20 mV s −1 , while intermediate traces recorded at higher scan rates are shown in black leading up to a scan rate of 1000 mV s
, shown as the red trace. The reoxidation peak at 0 V increases in relative intensity in comparison to the reoxidation peak observed at −0.25 V with faster scan rates. (b) Variable scan-rate CV of the [2] rotaxane R2 6+ , proposed mechanism, and digitally simulated data. The purple trace was recorded at a scan-rate of 50 mV s −1 with intermediate traces taken at higher scan rates shown in black, leading up to a scan rate of 1200 mV s −1 shown as the green trace. The reoxidation peak at 0 V increases in relative intensity with faster scan rates. Both the catenane C1 6+ and R2 6+ were found to display the same basic mechanism underlying their electrochemical switching processes. In particular, the observed scan-rate-dependent nature of the CV traces of both MIMs is explained by an equilibrium between two coconformations in their bisradical electronic states. (BRCC) to the DNP (BDCC) unit. This shuttling motion occurs 23 on account of the fact that the CBPQT (•+)(2+) ring is capable of recognizing both radicals and π-electron-rich donors. Once encircled around the DNP unit as a consequence of donor−acceptor interactions, reoxidation of the resulting unpaired BIPY
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•+ radical cations shifts to more negative voltages, resulting in a single broad reoxidation peak. If insufficient time is allowed for shuttling to occur, reoxidation of the bisradical occurs as the BRCC, i.e., the two BIPY
•+ radicals are still paired as they undergo oxidation. This oxidation results in formation of the TSCC for a very brief period before it relaxes back to the ground state, where the CBPQT 4+ ring encircles the DNP unit exclusively. , an observation which indicates a similar electrochemical switching mechanism is operating within these different MIMs. For both R1 6+ and R2 6+ , at relatively fast scan rates, a reoxidation peak is observed at 0 V. At relatively slow scan rates, this second reoxidation peak is not observed, rather only a single broad reoxidation peak. In accordance with the proposed mechanism of switching for the catenane C1 6+ , the bisradical forms of R1 6+ and R2 6+ both involve shuttling of the CBPQT (•+)(2+) ring from the BIPY •+ unit (BRCC) to the π-electron-rich DNP or TTF units (BDCC), respectively. By comparing the experimental with the simulated data 24 based on the proposed mechanism, we have ascertained a barrier to shuttling of the CBPQT (•+)(2+) ring from the BRCC to the BDCC to be equal to 16.1 and 14.2 kcal mol −1 for R1 6+ and R2 6+ , respectively. On comparing R1 6+ with R2 6+ , the difference in the barrier to shuttling (Figure 2 ) from the BRCC to the BDCC is 1.9 kcal mol −1 . This difference in the barriers to shuttling is approximately equal to the difference in binding energies 11c between the TTF-DEG ⊂ CBPQT 4+ and DNP-DEG ⊂ CBPQT 4+ (DEG = diethylene glycol) [2] pseudorotaxanes when they are measured in MeCN. We hypothesize, that the affinity of the π-donor in the dumbbell component for the dicationic BIPY 2+ unit of CBPQT (•+)(2+) ring has a stabilizing influence on the transition state involved in the shuttling of the CBPQT (•+)(2+) ring from the BRCC to the BDCC, a situation which we will discuss in more detail in the case of the rotaxane R3 6+ .
Tristable [2] Rotaxane R3 6+ . With the discussion of the relaxation of the bistable [2] rotaxanes R1 6+ and R2 6+ complete, we will now turn our attention toward a consideration of the tristable [2] rotaxane R3 6+ incorporating both TTF and DNP recognition sites as well as the BIPY 2+ unit located between the two π-electron-rich donor sites. It is important to note the significance of the BIPY 2+ unit being located centrally between the TTF and DNP units. Similar scan-rate-dependent behavior was also observed (see SI) in the case of this rotaxane. Upon a one-electron oxidation of the trisradical RSCC of the rotaxane R3 6+ to form the BRCC, a priori, the CBPQT (•+)(2+) ring has two options: it can either undergo translation (i) to encircle the TTF unit or in the opposite direction (ii) to encircle the DNP unit. In the knowledge that the barrier to relaxation is significantly lower in the rotaxane R2 6+ incorporating TTF compared to that of the rotaxane R1 6+ incorporating DNP, we would expect the shuttling of the CBPQT (•+)(2+) ring in the BRCC of the tristable rotaxane R3 6+ to favor translation predominantly to the TTF unit, rather than to the DNP unit. The variable scan-rate behavior of R3 6+ is illustrated in the SI. By simulation, the barrier to shuttling of the CBPQT (•+)(2+) ring was measured to be 14.2 kcal mol −1 , a ΔG ‡ value which is experimentally the same as that determined for the rotaxane R2
6+
. These data suggest the shuttling (Figure 2 ) in the BRCC of the tristable [2] rotaxane R3 6+ occurs predominantly toward having the CBPQT (•+)(2+) ring encircle the TTF unit in the BDCC. Variable-temperature, variable scan-rate CV experiments reveal (see SI) that this shuttling motion is a thermally activated mechanical process, with the rate of shuttling becoming slower with decreasing temperature. It is important to realize this fact when considering the hypothesis that the presence of the BIPY 2+ dication in the CBPQT
component may act to repel the ring from the BIPY •+ of the dumbbell as a consequence of Coulombic repulsiona process that would not be reliant on thermal energy. This hypothesis can be discredited, however, since the rate of shuttling is indeed temperature dependent. From the variable-temperature, variable scan-rate CV experiments, we were able to determine that the enthalpic ΔH ‡ and entropic ΔS ‡ contributions to the transition-state energy for this shuttling process are +17.6 kcal mol −1 and +11.2 cal mol
, respectively. These activation parameters stand in contrast 11c to those (ΔH
) associated with the shuttling , and R3 6+ are summarized in Table 1 .
In order to provide additional evidence from CV (Figure 3) , that after the one-electron reoxidation of the trisradical RSCC to the bisradical BRCC of the [2] electrostatic barrier to encircle the DNP unit. Scanning toward 0 V reduces the TTF 2+ dication back to its neutral form, resulting in the MSCC wherein the CBPQT 4+ remains encircled for some time around the DNP subunit before passing over the BIPY 2+ electrostatic barrier back onto TTF to form the GSCC. At this scan rate, the amount of "free" TTF still remaining, as measured from the return scan, is 50%. The black trace CV also recorded at a scan rate of 50 mV s −1 starting at +1 V, but with the scan limit of −0.60 V, which is enough to ensure the formation of the RSCC. The return scan shows that the amount of free TTF is now only 10% and corresponds to the GSCC/MSCC distribution ratio of 10:1 at equilibrium. (b) Schematic representation for the formation of the MSCC which can be reset to the GSCC through thermal relaxation or by accessing the RSCC in the pathway described above. further past 0 V toward −0.60 V invokes the three-electron reduction process, generating the RSCC. It is important to note that prior to this three-electron reduction, the CBPQT 4+ ring has not had enough time to relax fully back to the TTF unit, a conclusion which can be reached by taking a scan only to the potential of 0 V and back. In this CV experiment, approximately 50% of free TTF still exists, which is significantly far from the equilibrium distribution of 10% free TTF, i.e., 10:1/GSCC:MSCC. A scan rate of 50 mVs −1 is slow enough such that (i) nearly all of the BRCC generated after the initial one-electron oxidation is allowed to shuttle to the BDCC and (ii) becomes reoxidized after shuttling has occurred, as indicated by the observation that almost no second reoxidation peak at 0 V can be detected. Scanning further past 0 V toward +1 V reveals two oxidation peaks, the first of which corresponds to the initial oxidation of free TTF, followed by the oxidation of encircled TTF combined with the second oxidation of free TTF. Quantification of the relative amount of free TTF from an integration analysis of these two oxidation peaks reveals that the amount of free TTF detected, after proceeding through a reoxidation pathway where only the BDCC is oxidized (and not the BRCC), is approximately 10%, a percentage that is consistent with the ground-state equilibrium distribution ratio. These results provide strong evidence that, after the one-electron oxidation of the trisradical RSCC of the tristable rotaxane R3
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6+ to form the BRCC, the CBPQT (•+)(2+) of the BRCC shuttles in a mechanostereochemical selective fashion onto TTF in the BDCC (Figure 3b ) as a consequence of the faster kinetics associated with this process in comparison with translation toward the DNP unit. Furthermore, by taking advantage of this mechanostereochemical selective pathway forged out by the trisradical species, we can restore the rotaxane to its GSCC.
Since it is possible to control the reoxidation pathway depending on the scan rate employed, we investigated further how the CBPQT 4+ ring is propelled when the reoxidation occurs, while in the BRCC, wherein CBPQT (•+)(2+) is still encircling the BIPY
•+ radical cation, forming the TSCC. We performed a similar experiment (Figure 4a ) by scanning a potential window starting at +1 V and reversing the scan at −0.60 V, only this time, at 1000 mV s . This scan rate is fast enough to ensure that almost none of the BRCC has had time to shuttle to the BDCC, and so nearly all the oxidation will occur while the ring is encircled around the BIPY
•+ radical cation corresponding to the TSCC for the rotaxane R3
6+
. Starting at a potential of +1 V generates the TTF 2+ dication. Scanning toward 0 V reduces the TTF 2+ back to its neutral state through two one-electron processes. Scanning further toward −0.60 V forms the trisradical RSCC. In this reoxidation pathway, the highly transient TSCC is momentarily attained as a result of the second two-electron oxidation at 0 V, that follows after the first one-electron oxidation of the noninteracting BIPY
•+ of the CBPQT 2(•+) ring encircling the BIPY
•+ of the dumbbell component. The TSCC is not stable since it possesses a large amount of Coulombic potential energy, and a priori, the CBPQT 4+ ring has two choices once again − it can either be repelled toward the TTF unit or toward the DNP unit. Scanning past 0 V toward +1 V reveals two oneelectron oxidation processes corresponding to the first oxidation of free TTF and a combination of the first oxidation of encircled TTF and the second oxidation of free TTF. Quantification of these oxidation waves reveals the existence of approximately 30% free TTF, indicating that a majority of the ring has been pushed onto the TTF unit rather than onto the DNP unit from the TSCC. It is important to note that, prior to reduction, approximately 90% of the CBPQT 4+ ring is still located on the DNP unit. The amount of free TTF can be reduced by 60 to 30% on going along this reoxidation pathway, relying only upon the TSCC, which is almost the GSCC equilibrium of 10% free TTF. Taken together, these results demonstrate (Figure 4b ) that the restoration of the GSCC can be achieved through a redox-activated pathway, and the reliance on an entirely thermally activated pathway is not necessary.
X-Ray Crystallography. The solid-state structure of the fully oxidized C1·6PF 6 was previously reported 22 by us, and we have reproduced a depiction of it here for the sake of convenience. In particular, the structure reveals (Figure 5a ) that the DNP unit is located inside the cavity of the CBPQT 4+ ring, while the BIPY 2+ unit is located as far as possible as a result of Coulombic repulsion. We now report our investigation of the catenane in its reduced form. Solid-state evidence of the of the [2] rotaxane R3 6+ provides evidence for the formation of the MSCC as a result of an oxidation−reduction cycle implemented on the TTF unit. The CV begins at +1 V with the oxidation of the TTF unit to its TTF 2+ dication, which repels the tetracationic CBPQT 4+ ring over the BIPY 2+ electrostatic barrier to encircle the DNP unit. Scanning toward 0 V reduces the TTF 2+ dication back to its neutral state, forming the MSCC, wherein the CBPQT 4+ ring remains encircled for some time around the DNP unit before passing over the BIPY 2+ electrostatic barrier back onto the TTF unit to form the GSCC. At this scan rate, the amount of "free" TTF still remaining, as measured by the return scan, is 90%. The black trace CV also taken at a scan rate of 1000 mV s −1 also starts at +1 V but with the scan limit of −0.60 V, which is enough to ensure the formation of the RSCC. The return scan shows that the amount of free TTF is now only 30%. (b) Schematic representation for the formation of the MSCC, which can be reset to the GSCC through thermal relaxation or by going through the RSCC in the pathway discussed above. (2+) state, even though the initial solution comprised 22 the catenane in its trisradical form. The BIPY
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•+ radical cation component of the macrocyclic polyether resides inside the cavity of the CBPQT (•+)(2+) ring, while the DNP unit is located alongside. The BIPY
•+ radical cation is located inside the cavity at an angle of 13°from the principal axis of the cyclophane. We hypothesize 29 that this relative orientation maximizes the amount of π-orbital overlap with the BIPY
•+ radical cation of the ring. The unit cell of the crystal contains four catenane molecules located around a center of inversion. Analysis of the plane-to-plane separation between the BIPY
•+/2+ and DNP units provides further evidence that the [2] catenane is present in its bisradical form, allowing us to make definitive assignments to the dicationic BIPY 2+ and radical cationic BIPY
•+ units. The BIPY •+ radical cation unit inside the cavity of the CBPQT (•+)(2+) ring is located closer to one side of the ring than the other. The plane-to-plane separation of the outside BIPY
•+ radical cation of the ring with the BIPY •+ radical cation of the macrocyclic polyether is 3.09 Å, while the plane-to-plane separation with respect to the BIPY 2+ dication is 3.39 Å. The plane-to-plane distance between the DNP unit and the dicationic BIPY 2+ unit is 3.33 Å, a distance which is consistent with π-stacking 30 brought about by donor−acceptor π-orbital overlap. Furthermore, the torsional twists of all BIPY
•+ and BIPY 2+ units about their 4,4′-C−C bonds are less than 6°. It is known 17j,31 that this relatively small twist is observed in the case when BIPY
•+ units have been reduced to their radical cationic . This effect, which produces a reduction in the torsional angles of the BIPY 2+/•+ units, is a direct result of electron density populating π-antibonding orbitals, which leads to increased double-bond character between the 4,4′-C−C bonds. As a result, this bond is also observed to decrease in length compared with the bond in free BIPY 2+ dications, while the 3
( ′ ) -C−C bond lengths are all observed to increase. In the case of reduced BIPY
•+ radical cations, an entire electron is populating the antibonding orbital, so these bond distortions are even more exaggerated compared to the case of the BIPY 2+ units engaged in donor−acceptor interactions, where only partial electron density is populating this orbital. Nonetheless, the end result is the same ( Table 2) for both donor−acceptor and radical− radical interactions pointing to the similarities 32 in the fundamental orbital interactions between these two seemingly different recognition motifs.
The solid-state extended packing structure (Figure 5d ) is also consistent with the bisradical state and provides insight as to why the bisradical state of the catenane is the one which is isolated in solution, even though the initial solution contained the trisradical form of the catenane. The outside BIPY
•+ radical cation of the CBPQT (•+)(2+) ring π-stacks with another outside BIPY
•+ radical cation from an adjacent catenane molecule, with a plane-to-plane separation of 3.18 Å. In a similar fashion, the DNP unit is observed to be π-stacked, although in an offset fashion, with another DNP unit from an adjacent catenane molecule on the opposite side, with a plane-to-plane separation of 3.28 Å. This interplanar π−π stacking motif between two BIPY
•+ radical cations on one side and two DNP units on the other continues throughout the crystal in such a manner as to form one continuous stack replete with discrete domains of radical−radical and donor−acceptor interactions. We believe that this stacking arrangement brings about an element of stability which is not possible to achieve if the catenane were in its trisradical form. When in the trisradical form, the DNP unit is not able to enter into donor−acceptor interactions with the inside BIPY
•+ radical cation of the ring and will find itself as a "fifth wheel", disrupting the favorable extended packing structure. Overall, the observation of the bisradical in the solid-state crystal structure supports the mechanism of switching in solution, which sees the bisradical as an intermediate state as one where the CBPQT (•+)(2+) ring can be engaged in either donor−acceptor or radical−radical interactions.
UV−vis Spectroscopy. In order to confirm the results obtained from CV, namely, the fact that the MSCC can be restored to the GSCC through accessing the RSCC, UV−vis spectroscopic experiments were performed on the tristable rotaxane R3
6+ in MeCN at 263 K. The initial spectrum reveals (Figure 6a ) an intense charge-transfer (CT) band centered on 840 nm, which is characteristic 27,33 of the encirclement of the CBPQT 4+ ring around a TTF unit. This observation confirms that the ground-state distribution favors the GSCC as the major translational isomer. Aliquots of an Fe(ClO 4 ) 3 solution were added in sequence in order to oxidize 27 the TTF unit of R3 6+ . The spectra first of all shows a decrease in the intensity of the 840 nm band with the simultaneous growth of the bands centered on 440 and 600 nm, which are characteristic 27 of the TTF
•+ radical cation. When further aliquots of Fe(ClO 4 ) 3 solution were added, the 440 and 600 nm bands disappeared, and a new band, which is characteristic 27 of the TTF 2+ dication, resulted at 363 nm. Furthermore, a low-intensity CT band centered on 530 nm indicates 9e the encirclement of the CBPQT 4+ ring around the DNP unit. In order to reduce the TTF 2+ dication back to its neutral form, small quantities of zinc dust were added to the solution sequentially, while monitoring the UV−vis spectrum. The reappearance (Figure 6b ) of the TTF
•+ radical cation bands, followed by their subsequent decrease in intensity (Figure 6c) , confirms that the TTF 2+ dication is reduced back to its neutral form, passing through the TTF
•+ radical cation as an intermediate on the way. Importantly, no CT band centered on 840 nm could be observed after the neutral TTF unit had been restored; an observation which indicates that the MSCC has been populated and trapped by the BIPY 2+ electrostatic barrier. At this point, an excess of zinc dust was added to the solution (Figure 6d ) in order to reduce 17j the BIPY 2+ units to their radical cation forms and bring about formation of the RSCC, which was evidenced by the appearance 17h,j of intense bands centered on 541 and 860 nm. Reoxidation, by exposing the solution to ambient O 2 , resulted in a drastic increase of the CT band at 840 nm, indicating that the GSCC has been restored to approximately its ground-state distribution at equilibrium. These results agree well with those obtained from CV experiments which also reveal that the MSCC can be reset to the GSCC through accessing the RSCC.
1 H NMR Spectroscopy. In order to lend further support to the fact that the MSCC of R3 6+ can be trapped by means of electrostatic repulsion and then reset back to the GSCC by accessing the RSCC, we performed 1 H NMR spectroscopy in CD 3 COCD 3 at 233 K. The initial spectrum of R3·6PF 6 shows ( Figure 7 ), in particular, six resonances between 7.2 and 7.6 ppm, which can be assigned 34 to the aromatic protons of the DNP. These downfield resonances associated with the DNP protons indicate that this unit is free from being encircled by the CBPQT 4+ ring, an observation which is consistent with the GSCC being the major translational isomer at equilibrium. Resonances associated with the cis and trans olefinic protons of the TTF unit encircled by the CBPQT 4+ ring were observed clustered around 6.4 ppm. Upon addition of excess oxidizing agent, tris(p-bromophenyl)ammoniumyl hexachloroantimonate, resonances associated with the olefinic TTF protons vanished altogether, 35 and two new resonances between 9.8 and 10.0 ppm were observed. These two resonances are associated with the aromatic protons of the dicationic TTF 2+ unit that result after oxidation. In addition, resonances located between 7.2 and 7.6 ppm, associated with the aromatic DNP protons free of the CBPQT 4+ ring, were no longer observed, and instead, a new set of peaks associated 34 with the protons of the DNP unit encircled by the CBPQT 4+ ring was observed. In particular, a new doublet which appears around 2.7 ppm that can be assigned to the 4/8 protons of the DNP unit: the doublet is shifted upfield drastically as a consequence of [C− H···π] 3 was added to the solution in order to oxidize the TTF unit to its dicationic form. The solution was then cooled in a dry ice acetone bath followed by the addition of an excess of ascorbic acid as a solid to serve as a reducing agent for the TTF 2+ dication. As soon as the color of the solution became red, a saturated solution of cold aqueous NH 4 PF 6 was added, and the resulting reddish purple precipitate was collected by filtration and washed with cold H 2 O. The dried solid was placed in an NMR tube, dissolved in CD 3 COCD 3 , and cooled in a dry ice acetone bath, following which the 1 H NMR spectrum was recorded at 233 K. Importantly, the spectrum reveals that the resonances associated with the protons of the TTF 2+ dication between 9.8 and 10.0 ppm are no longer present in the spectrum, while the resonances for the aromatic DNP protons are still shifted upfield, an observation which indicates 34 that the CBPQT 4+ ring remains encircled around the DNP unit even when the TTF unit becomes neutral once again. The additional fact that the resonances for the DNP protons do not appear as perfect doublets and triplets provides further evidence that the TTF unit has been reduced to its neutral form wherein its cis and trans isomers are in slow exchange, resulting in an added degree of complexity in the observed spectrum. The kinetic stability of the MSCC is such that at these temperatures, recording a 1 H− 1 H COSY 2D spectrum (see SI) over the course of an hour is possible. As a consequence, all the proton assignments could be corroborated by this 2D technique. If the CD 3 COCD 3 solution is allowed to stand at room temperature, relaxation of the MSCC to ground-state distribution occurs (see SI) by a thermally activated pathway but only on the order 21 of days. Zinc dust was added to the cooled solution of the MSCC of the [2] rotaxane R3·6PF 6 in order to reduce the BIPY 2+ units to their radical cations, yielding 17j the RSCC. The solution became dark purple after a few minutes, an observation which is indicative of the formation of the trisradical state. The zinc dust was then filtered off, and while on a dry ice acetone bath, air was bubbled through the solution to introduce oxygen in order to oxidize the BIPY
•+ radical cations back to their dicationic forms. After a few minutes, the purple color retreated, and a green colored solution emerged. The 1 H NMR spectrum of this green solution confirmed that the rotaxane had indeed returned to the GSCC. The resonances associated with the aromatic protons of the DNP unit once again appeared downfield between 7.2 and 7.6 ppm, indicating 34 that the DNP unit is free of the CBPQT 4+ ring. Overall, the 1 H NMR spectrum is nearly identical (see SI) to the original spectrum of the rotaxane recorded as the GSCC, prior to any redox experimentation. These results are consistent with UV−vis spectroscopic and CV experiments which show that the GSCC can be recovered from the MSCC by reduction to the RSCC, followed by reoxidation.
Quantum Mechanical Calculations. In order to examine the hypothesis that the monoradical tricationic CBPQT (•+)(2+) ring is capable of recognizing both π-electron-rich donor molecules and radical cationic BIPY
•+ units, we carried out a series of ab inito calculations on the bisradical tetracationic CBPQT (•+)(2+) ⊂ MV •+ inclusion complex using several DFT methods, including B3LYP and M06. These methods suffer, however, from self-interaction errors and do not give the correct charge distribution for this complex. Although the functionals of such DFT methods are adjusted to produce accurate energies, the actual charge distributions may not be reliable. Indeed, for these systems, the DFT charges lead to descriptions incompatible with both experiment and ab initio calculations. Therefore, we applied second-order Møller− Plesset perturbation theory (MP2) at 6-31G level to optimize the geometry in the polarizable continuum model (PCM) for acetonitrile (ε = 37.5 and R 0 = 2.18 Å).
The Loẅdin charge distribution (Figure 8a . Similar structural parameters are also found in the case of the inclusion complex of CBPQT (•+)(2+) ⊂ DNP, where the Loẅdin charge distributions (Figure 8c ) on the two BIPY 2+/•+ units are 1.9 and 1.0. At the optimized geometry, the interplanar distance from DNP to BIPY
•+ is 3.46 Å, whereas to BIPY 2+ , it is 3.43 Å. Without radical−radical interactions, closed-shell molecular entities, such as DNP and TTF, slightly favor BIPY 2+ unit over BIPY
•+ , most likely in part at least as a consequence of the stronger Coulombic interactions that polarize the π-electrons on DNP or TTF in addition to a lesser amount of Paulirepulsion energy. These theoretical results are consistent with the experimental data and confirm that the CBPQT (•+)(2+) ring has a "split personality", behaving as both a donor-and radicalloving species at the same time.
In order to understand the delocalized spin-pairing interaction, we built a model system containing only two MV
•+ units and examined the singlet−triplet (S−T) gap, an indicator of noncovalent bond strength just as in the case of covalent bonding between atoms. Calculations at the level of CASSCF(2e,2o)/cc-pVDZ plus a diffuse function show that, at the distance observed (3.15 Å) in the crystal structure, the S−T energy gap is 10.5 kcal mol −1 which decreases to zero as the plane-to-plane distance increases. The exponential decay of the S−T gap means that the bonding strength is proportional to the overlap of the singly occupied orbitals which decays exponentially in space. The spin pairing of the bisradical CBPQT (•+)(2+) ⊂ MV •+ complex was investigated at the CASSCF(2e,3o)/6-31G level with PCM. One more orbital was included in the active space for the correlation from the empty orbital on BIPY 2+ unit. We found that the bisradical intermediate CBPQT ( •+)(2+) ⊂ MV •+ is thermodynamically metastable at 5.8 kcal mol −1 higher (Figure 9 ) than the infinitely separated CBPQT (•+)(2+) and MV •+ . It is necessary, however, to break the radical bonding between two BIPY
•+ units before the disassociation process occurs, making it kinetically stable. A pull-out scan of the potential energy singlet surface points to a 7.6 kcal mol −1 barrier height at a pullout distance 1.6 Å. Beyond this point, the electrostatic repulsion dominates and pushes the center MV
•+ out of the cavity of the ring. The 1.3 kcal mol −1 S−T gap at 1.6 Å suggests that this repulsion plays a role to lower the barrier, enabling the disassociation process to occur without totally breaking the noncovalent bonding between the two BIPY
•+ units. This calculated barrier height of 7.6 kcal mol −1 is somewhat lower than the experimental value 17j of approximately 16 kcal mol −1 , an outcome which is not unexpected. Indeed, we expect CASSCF(2e,3o) to underestimate the barrier because it includes the correlation of two pairing electrons while omitting correlation from other electrons, e.g., the van der Waals interactions, between π-electrons in Å-stacking of arometics. It is worth noting that, in the area of the pull-out distances of 2−3 Å, the S−T gap decreases to almost zero, from the almost net zero overlap between the two singly occupied orbitals. The small orbital overlap found for these geometries is not a result of the spatial separation as is the case when the middle BIPY
•+ is pulled out for more than 5 Å but rather because the nodal structure of the orbitals results in positive and negative contributions to the overlap integral and cancel out.
■ CONCLUSIONS
We have characterized by variable scan-rate CV the dynamic behavior of two bistable [2] rotaxanes, a [2] catenane, and one tristable [2] rotaxane, all containing a BIPY 2+ unit which on reduction serves as a radically enhanced recognition site for the CBPQT 4+ ring. Once the trisradical RSCC has been formed in the two bistable rotaxanes, the bistable [2] catenane, and the tristable rotaxane, a one-electron oxidation of the weakly interacting BIPY
•+ radical cation to its BIPY 2+ dication results in the formation of a bisradical state coconformation which undergoes shuttling to a bisradical donor state coconformation. In the case of the bistable [2] rotaxanes and [2] catenane, shuttling onto the adjacent electron-rich unit, TTF or DNP, occurs. We have shown that the shuttling of the bisradical state coconformation onto the TTF unit occurs faster than relaxation onto the DNP unit. The difference in the barriers governing these relaxation processes is 1.9 kcal mol −1 , a value which is approximately equal to the difference in the binding energy for the corresponding TTF-and DNP-containing [2] pseudorotaxanes with the CBPQT 4+ ring, respectively. We hypothesize that the height of the free energy barrier is dictated by the relative affinity of the adjacent π-electron rich unit, such that the stronger the recognition, the faster the shuttling and the smaller the barrier. In the case of the tristable [2] rotaxane, there is strong evidence that the ring relaxes preferentially onto the more electron-rich TTF unit in preference to the DNP one. These results have opened up the possibility of restoring the GSCC from the MSCC through the RSCC by using either (i) the TSCC reoxidation pathway, (ii) the BRCC reoxidation pathway, or (iii) a thermally assisted pathway, demonstrating a working design principle for the realization of molecular flash memory devices by employing a rotaxane which makes use of electrostatic barriers in combination with tristability.
■ EXPERIMENTAL SECTION
The [2] •+ radical cation units. At pull-out distances of 2−3 Å, the overlap between singly occupied orbitals has both negative (overlap between red and blue) and positive (overlap between the same color) contributions, making the overall overlap integral small, leading to an almost zero S−T gap. 
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